The Ag85 complex functions as the main secretory protein of Mycobacterium tuberculosis (M. tuberculosis) and BCG. This complex is composed of the proteins, Ag85A, Ag85B, and Ag85C, with Ag85A thought to play the largest role within the complex. However, the lack of commercially available monoclonal antibodies (mAbs) against Ag85A still hinders the biological and applicative research on this protein. In this study, we developed and identified anti-Ag85A mAbs, and five hybridoma cells were established. Using the indirect immunofluorescence test, we found that two anti-Ag85A mAbs did not cross-react with Ag85B and/or Ag85C. In addition, we showed that all of the mAbs tested in this study are able to react with endogenous Ag85A protein in BCG and rBCG:Ag85A using indirect ELISA and Western blot analyses. A competitive ELISA (cELISA) based on mAb 3B8 was developed, the analyses of clinic serum samples from cattle with bovine tuberculosis (TB) and healthy cattle demonstrated that the sensitivity of the cELISA was 54.2% (26/48) and the specificity was 83.5% (167/200). This study demonstrated that the mAbs against Ag85A will provide useful reagents for further investigation into the function of the Ag85 complex and can be used for serodiagnosis of bovine TB.
Primers sequences

GFP-F1 5′-TAGAATTCGCCACCATGGTGA GCAAGGGCGAGGAGCTG-3′
GFP-R1 5′-CACCGCCGCTTCCACCGCCACC CTTGTACAGCTCGTCCATGCCGAG-3′
fbpA-F2 5′-GTGGAAGCGGCGGTGGCGGAAGC ATGCAGCTTGTTGACAGGGTTC-3′
fbpA-R2 5′-TATCTAGAGTTGTGTCTGTT CGGAGCTAGGC-3′
fbpB-F2 5′-GTGGAAGCGGCGGTGGCGGAAGC ATGACAGACGTGAGCCGAAAGA-3′
fbpB-R2 5′-TATCTAGAAACCCTTCGGTTGATCCCGTCA-3′
fbpC-F2 5′-GTGGAAGCGGCGGTGGCGGAAGC ATGACGTTCTTCGAACAGGT-3′
fbpC-R2 5′-TATCTAGAGATGCTGGCTTGCTGGCTCA-3′ M. tuberculosis Ag85A, Ag85B, and Ag85C are highly homologous on the DNA and amino acid level, with approximately 77% of amino acids shared between Ag85A and Ag85B, and about 71% amino acids shared between Ag85A and Ag85C (6) . The proteins comprising the Ag85 complex have been shown to be abundantly secreted in M. tuberculosis. These proteins play a key role in the final step of cell wall assembly and the maintenance of the bacterial cell envelope integrity by catalyzing the transfer of mycolic acid to the cell wall component, arabinogalactan. In addition, this complex has been shown to play an important role in the synthesis of trehalose dimycolate (7) (8) (9) . Numerous studies to date have focused on the potential of Ag85 complex in vaccine development, diagnostics, and as a therapeutic drug target (10) . Because the Ag85 complex has been shown to play a role in the catalysis of the biosynthesis of abundant cell envelope components, including TMM and TDM, there is great interest in Ag85 as a novel target for drug development (11) . The M. tuberculosis Ag85 complex has been demonstrated to stimulate a strong humoral-and cell-mediated immune response (12, 13) . Thus, Ag85A is considered to be one of the most popular TB vaccine candidates (14) (15) (16) . In addition, the abundance of serum antibodies generated against the Ag85 complex in active TB patients provides further support that the Ag85 complex could also function as a promising diagnostic marker (5, 17) .
There were already some works describing the production of monoclonal antibodies (mAbs) to Ag85 complex, nine mAbs were produced against M. tuberculosis Ag85 complex using isoelectric focusing combined with Western blot analysis, the results showed that one antibody was found to be specifically directed only against Ag85B (18) . A method to select antibodies against any Ag85 complex using a novel combination of phage and yeast display was described (19) . And antibodies to Ag85B of M. tuberculosis were produced and subsequently used to develop ELISA technique for detecting Ag85 in the culture filtrate (20) . Up until this point, there have been no commercial specific mAbs available against Ag85A. The widely used anti-Ag85 mAb HYT 27 reacts strongly with M. tuberculosis Ag85C and weaker with Ag85A and Ag85B (21, 22) . The rabbit polyclonal antibody against M. tuberculosis Ag85B is only specific for the Ag85B protein (23, 24) . Thus, it is necessary to first develop a specific mAb against Ag85A to be used in both basic biological research and Ag85A applicative research.
In this study, we developed mAbs against recombinant Ag85A protein. We showed that all of the generated mAbs exhibit good reactivity with both recombinant Ag85A and endogenous Ag85A via indirect ELISA and Western blot techniques. And mAbs 1C6 and 3B8 were specific only for Ag85A, mAbs 2E6 and 2F2 crossreacted with Ag85B or Ag85C, while mAb 3D9 react with Ag85A, Ag85B, and Ag85C. A competitive ELISA (cELISA) based on mAb 3B8 was developed, and the diagnostic specificity and sensitivity were 54.2% (26/48) and 83.5% (167/200), respectively. We anticipate that the mAbs generated against Ag85A will prove to be a valuable tool for the study of the biological function of the Ag85 complex. In addition, these antibodies hold great promise as tools that can be used toward the development of diagnostic methods and drug development for M. tuberculosis.
MaTerials anD MeThODs construction of recombinant expression Vector
The fbpA gene was PCR amplified from chromosomal DNA isolated from the M. tuberculosis H37Rv strain. The sequences of the primer used for PCR amplification are as follows: sense primer, 5′-AAGCGGATCCATGTTTTCCCGGCCGGGCTTG-3′, antisense primer, 5′-AGTCGAATTCTGTTCGGAGCTAGGCG CCCTGGG-3′. Amplification reactions were carried out at 95°C for 5 min followed by 30 cycles at 94°C for 45 s, annealing at 55°C for 1 min, extension at 72°C for 2 min, and final extension at 72°C for 30 min. The generated gene fragments were then ligated to the T-cloning site of a pMD20-T vector (Takara, Japan). This was then isolated by digestion with BamHI and EcoRI. The fbpA gene was then ligated into pET-30a and pGEX-6p-1 vectors to generate recombinant plasmids.
The genes fbpA, fbpB, and fbpC were fused genetically to GFP gene to generate GFP-fbpA, GFP-fbpB, and GFP-fbpC fragments, respectively, by the splice overlap extensioning PCR technique. Briefly, the GFP gene fragment was amplified from the EGFP plasmid by PCR using primers GFP-F1 and GFP-R1. The fbpA, fbpB, and fbpC genes were amplified from the genomic DNA of M. tuberculosis H37Rv strain by PCR, using primers fbpA-F2, fbpA-R2, fbpB-F2, fbpB-R2, fbpC-F2, and fbpC-R2. The sequence for the four pairs of primers was summarized in Table 1 . After the first rounds of PCR using GFP-F1/GFP-R1, fbpA-F2/fbpA-R2, fbpB-F2/fbpB-R2, and fbpC-F2/fbpC-R2, the PCR products were gel purified. In a second round of PCR, using the resulting PCR products as templates, the GFP-fbpA, GFP-fbpB, and GFPfbpC fusion genes were created by overlap PCR using primers GFP-F1/fbpA-R2, GFP-F1/fbpB-R2, and GFP-F1/fbpC-R2. The sequence GGGGSGGGGS was incorporated at the junction of the GFP fragment and fbpA/fbpB/fbpC gene as a flexible linker. The fusion genes were cloned into the pcDNA3.1(+) vector (Invitrogen, USA) between the EcoRI and Xba I restriction sites to generate pcDNA3.1-GFP-fbpA, pcDNA3.1-GFP-fbpB, and pcDNA3.1-GFP-fbpC constructs and confirmed by restriction endonuclease digestion and DNA sequencing.
expression and Purification of recombinant ag85a Protein
The pET-30a-fbpA and pGEX-6p-1-fbpA constructs were transformed into Escherichia coli strains BL21(DE3) and BL21, respectively. Transformed E. coli cells were cultured and recombinant protein expression was induced using 0.5 mM isopropyl-β-d-thiogalactopyranoside. The cells were then harvested and lysed by sonication on ice. The recombinant proteins, rHis-Ag85A and rGST-Ag85A, were purified from the lysate using the His-binding purification kit (Novagen, Germany) and GST-binding purification kit (GE, USA) according to the manufacturer's instructions, respectively.
immunization of Mice and establishment of hybridomas BALB/c mice (females, 6 weeks old) were injected subcutaneously with 80 µg of purified rGST-Ag85A protein mixed with Freund's complete adjuvant (Sigma-Aldrich, USA) in a 1:1 volumetric ratio. A secondary immunization with the same antigen was also mixed with Freund's incomplete adjuvant (Sigma-Aldrich, USA) in a 1:1 volumetric ratio, and it was given at 2-week intervals. One week following the secondary immunization, the serum titer was determined using an indirect ELISA method with purified rHis-Ag85A protein. The final booster immunization with the same antigen was injected intravenously 3 days prior to cell fusion, without any adjuvants. Finally, the splenocytes of BALB/c mice were collected and fused with SP2/0 myeloma cells using standard hybridoma methods (25) . The mice were housed, handled, and immunized at our animal biosafety facilities, and all procedures were approved by the Institutional Animal Experimental Committee of Yangzhou University. All experiments were performed according to the national guidelines for animal welfare.
screening of hybridoma cells
To screen for positive hybridomas, titers of the hybridoma supernatants were determined using an indirect ELISA method with purified rHis-Ag85A protein. In these experiments, a polyclonal antibody against Ag85A protein was used as positive control, and the supernatant from SP2/0 myeloma cells was used as negative control. After subcloning cells two to three times, hybridoma cells that stably secreted antibody were established. Hybridoma cells were then intraperitoneally injected into BALB/c mice to induce the generation of ascites containing mAbs against Ag85A protein.
isotype and Titer analysis
Both the class and subclass of the mAbs against Ag85A produced were determined using a mouse monoclonal antibody isotyping kit (Sigma-Aldrich, USA). Protocols were carried out according to the manufacturer's instructions.
ELISA plates (Nunc, Denmark) were coated with purified rHis-Ag85A protein (1 µg/ml) and left overnight at 4°C. The next morning, plates were washed three times with PBST and blocked with phosphate-buffered saline (PBS) containing 2% bovine serum albumin (BSA) at 37°C for 2 h. Following the blocking step, the plates were washed three times with PBST. Plates were then incubated with serially diluted culture supernatant and ascites. Plates were incubated with primary antibody for 1 h at 37°C. HRP-conjugated goat anti-mouse IgG antibody (1:8,000 dilution) (Sigma-Aldrich, USA) was then added to each well (100 µl/well) and incubated for 1 h at 37°C. Finally, the TMB substrate was then added to the plates and incubated for 10 min, after which the plates were read at 450 nm.
Western Blot analysis
Purified rHis-Ag85A, rGST-Ag85A, wtBCG, and rBCG:Ag85A (26) were separated on 12% SDS-PAGE gels. Protein was then transferred to PVDF membrane. The membrane was then blocked for 2 h at room temperature with 2% BSA in PBS. The membrane was then washed three times with PBS containing 0.05% Tween 20 (PBST). Following the washes, the membrane was incubated with anti-Ag85A mAbs (1:1,000) at room temperature for 1 h. The membrane was then washed again three times in PBST, followed by incubation with HRP-conjugated goat anti-mouse secondary antibody (1:2,000) (Sigma-Aldrich, USA). Finally, the membrane was developed using 3,3′-diaminobenzidine tetrahydrochloride (Sigma-Aldrich, USA) and visualized using X-ray film.
indirect elisa assay ELISA plates (Nunc, Denmark) were coated with MPT63, RpfE, CFP10-ESAT6, and Ag85A protein (1 µg/ml), respectively, and left overnight at 4°C. The next morning, plates were washed three times with PBST and blocked with PBS containing 2% BSA at 37°C for 2 h. Following the blocking step, the plates were washed three times with PBST. Plates were then incubated with the anti-Ag85A mAbs (1:2,000 dilution). Plates were incubated with primary antibody for 1 h at 37°C. HRP-conjugated goat anti-mouse IgG antibody (1:8,000 dilution) (Sigma-Aldrich, USA) was then added to each well (100 μl/well) and incubated for 1 h at 37°C. Finally, the TMB substrate was then added to the plates and incubated for 10 min, after which the plates were read at 450 nm.
Transient Transfection and indirect immunofluorescence Test
One day prior to transfection, HEK293T cells were plated in 24-well plates in complete DMEM at a density of 1 × 10 5 cells/ well. Cells were permitted to attach to the plate overnight at 37°C in a 5% CO2 atmosphere. The following day, HEK293T monolayers were transfected with the pcDNA3.1-GFP-fbpA, pcDNA3.1-GFP-fbpB, and pcDNA3.1-GFP-fbpC constructs using Lipofectamine reagent 3000 (Invitrogen, USA) according to the manufacturer's instructions.
Twenty-four hours posttransfection, HEK293T cells were washed twice with PBS. Cells were then fixed with methanol for 15 min at room temperature. Following fixation, the cells were incubated with anti-Ag85A mAbs for 2 h at room temperature. The cells were then washed with PBS and incubated with Alexa Fluor ® 586 conjugated goat anti-mouse IgG secondary antibody (Life Technology, USA) for 1 h. Cell staining was observed using fluorescence microscopy. Detection of ag85a Protein in Bcg and rBcg:ag85a
ELISA plates (Nunc, Denmark) were first treated with 5% glutaraldehyde (100 µl/well) and incubated at 37°C for 2 h. Plates were then washed three times with PBST. Following the washes, plates were coated with 1 × 10 6 colony-forming units of BCG or rBCG:Ag85A bacteria (100 µl/well) and left overnight at 56°C. The plates were washed with PBST and blocked with PBS containing 2% BSA at 37°C for 1 h. Then, the plates were washed and incubated with the mAbs for 2 h at 37°C. HRP-conjugated goat anti-mouse IgG antibody (1:8,000 dilution) (Sigma-Aldrich, USA) was added to each well (100 µl/well) and incubated for 1 h at 37°C. Finally, the TMB substrate was then added to the plates and incubated for 10 min, after which the plates were read at 450 nm.
Protocol of celisa assay
ELISA plates (Nunc, Denmark) were coated with rHis-Ag85A protein (1 µg/ml) overnight at 4°C. The next morning, plates were washed three times with PBST and blocked with PBS containing 2% BSA at 37°C for 2 h. Following the blocking step, the plates were washed three times with PBST. Test and control sera samples were diluted 1:100 in PBS and added to each well (50 µl/well), and HRP-labeled anti-Ag85A antibody 3B8 were diluted (1:1,000) and added to each well (50 µl/well), followed by incubation at 37°C for 2 h and washing. Finally, the TMB substrate was then added to the plates and incubated for 10 min, after which the plates were read at 450 nm. Results were calculated based on the OD450 values of the negative control serum sample (N) and test serum sample (S) using the following formula: % inhibition = [(N − S)/N] × 100%. A total of 200 healthy bovine serum samples were tested for determination of cutoff point. The mean inhibition rate + 3× SD was cutoff point (Cn). If the inhibition rate ≥Cn, the bovine TB antibody reaction is positive, if the inhibition rate <Cn, the bovine TB antibody reaction is negative.
evaluation of celisa for Detection of anti-ag85a antibody
Total of 298 serum samples were harvested from dairy farms, of which 76 samples are positive and 222 samples are negative identified by PPD skin test, 70 samples are positive and 228 samples are negative identified by interferon-gamma release assay (IFN-γ assay) (Prionics, Switzerland). Bovine serum samples were diluted 100-fold and the inhibition rate was measured using cELISA method based on the criteria described above to determine the sensitivity and specificity of the assay.
statistical analysis
All data are expressed as mean ± SEM. Statistical analysis was performed using a Student's t-test. A value of *P < 0.05, **P < 0.01, ***P < 0.001 was considered statistically significant.
resUlTs isotype and Titer analysis of mabs
Following two to three rounds of cell subcloning and detection, hybridoma cells producing anti-Ag85A mAbs were established and named 1C6, 2E6, 2F2, 3B8, and 3D9. Isotype analysis of the mAbs produced against Ag85A protein was determined using a mouse mAb isotyping kit. These results demonstrated that all nine mAbs belong to the IgG1 isotype ( Table 2 ). In addition, ELISA results suggested that both hybridoma supernatant and ascites possessed high titer levels ( Table 2) .
Western Blot analysis
The reactivity of anti-Ag85A mAbs against recombinant Ag85A protein was studied using Western blot analysis. We show that all anti-Ag85A mAbs react with rHis-Ag85A and rGSTAg85A protein (Figure 1) , with all the mAbs exhibiting good reactivity.
indirect elisa assay
In order to evaluate the specificity of anti-Ag85A mAbs, the cross-reactivity of anti-Ag85A mAbs against other protein from mycobacteria was detected by indirect ELISA assay. The results showed that anti-Ag85A mAbs 1C6, 2E6, 2F2, 3B8, and 3D9 did not react with MTP63, RpfE, and CFP10-ESAT6 (Figure 2) . All the mAbs did not react with selected mycobacteria protein, suggesting these mAbs are specific to Ag85A protein.
indirect immunofluorescence Test
In order to evaluate the cross-reactivity of anti-Ag85A mAbs with the Ag85 complex, HEK293T cells were transfected with pcDNA3.1-fbpA-GFP, pcDNA3.1-fbpB-GFP, and pcDNA3.1-fbpC-GFP constructs. Cells were then stained with the antiAg85A mAbs. We show that following staining with mAbs 1C6 and 3B8, only HEK293T cells transfected with pcDNA3.1-fbpA-GFP exhibited yellow fluorescence (Figures 3A,D) . However, HEK293T cells transfected with pcDNA3.1-fbpB-GFP and/or pcDNA3.1-fbpC-GFP also exhibited yellow fluorescence following staining with the mAbs 2E6, 2F2, and 3D9 ( Figures 3B,C,E) . The HEK293T cells in the control group did not exhibited yellow fluorescence ( Figure 3F) . This suggests that a subset of antiAg85A mAbs cross-react with Ag85B and/or Ag85C. The mAbs 2F2 and 2E6 cross-react with Ag85B and Ag85C, respectively, and the mAbs 3D9 can react with Ag85A, Ag85B, and Ag85C.
Detection of ag85a Protein in Bcg and rBcg:ag85a
To determine whether the generated mAbs can also combine with endogenous Ag85A protein in BCG, we used Western blot and indirect ELISA methods to detect BCG and rBCG:Ag85A. We showed that all anti-Ag85A mAbs reacted with endogenous Ag85A protein in BCG and rBCG:Ag85A, the 31-kDa Ag85A
FigUre 2 | Indirect ELISA assay. The specificity of anti-Ag85A monoclonal antibodies (mAbs) was detected by indirect ELISA. All anti-Ag85A mAbs strongly recognized Ag85A protein, but did not react with MPT63, RpfE, and CFP10-ESAT6 protein. The control group was recombinant protein react with SP2/0 ascites. The control group was SP2/0 ascites control. Data depicted are the mean values ± SEM. Statistical significance was determined by a Student's t-test (**P < 0.01, ***P < 0.001). protein levels are increased twofold in rBCG:Ag85A compared with those of BCG (Figures 4A,B) . We also note that these mAbs reacted with other protein bands, which could represent Ag85B and/or Ag85C protein (Figure 4B) , respectively.
Development of cELISA for Detection of Anti-Ag85A Antibody
A cELISA for detection of anti-Ag85A antibody was established. The rHis-Ag85A protein was coated on the ELISA plate as capture antigen, and anti-Ag85A antibody clone 3B8 was used as a detection antibody. The OD450 value was detected for 200 healthy bovine serum samples, the mean inhibition rate was 0.162 with a SD of 0.029, the Cn value was 0.249 (≈25%). A total of 248 serum samples (48 bovine TB positive samples and 200 bovine TB negative samples detected by both skin test and IFN-γ assay) were detected, the inhibition rate of 26 samples were above 25%, and the inhibition rate of 167 samples were below 25%, the results indicated that the diagnostic specificity and sensitivity were 54.2% (26/48) and 83.5% (167/200), respectively. A total of 298 serum samples (76 positive by skin test; 222 negative by skin test) were analyzed, the cELISA results were compared with those of the skin test. 45 skin test positive serum samples were also positive by cELISA, with a positive coincidence of 54.2% (90/166). And 177 skin test negative serum samples were negative by cELISA, with a negative coincidence of 82.3% (354/430). Therefore, the total coincidence of the cELISA method and skin test was 74.5% (Table 3) . And the results were also compared with the IFN-γ assay, 298 serum samples (70 positive by IFN-γ assay; 228 negative by IFN-γ assay) were detected, 38 serum samples were also positive by cELISA with a positive coincidence of 47.5% (76/160), and 176 serum samples were also negative by cELISA with a negative coincidence of 80.7% (352/436). Therefore, the total coincidence of the cELISA assay and IFN-γ assay was 71.8% (Table 4) .
DiscUssiOn
The Ag85A protein is a member of the Ag85 complex, a 30-to 32-kDa family of three proteins (Ag85A, Ag85B, and Ag85C). All three members of the Ag85 complex have been shown to exhibit mycolyltransferase activity (27) . Interestingly, Ag85A has also been shown to stimulate production of Th1 cytokines and CTL activity. Because this protein generates a strong immune response, it is thought to be an ideal candidate antigen for the development of novel vaccines (28, 29) . However, there were still no commercial mAbs available against Ag85A. Thus, it may hinder the biological research and applicative research of Ag85A. The widely used commercial anti-Ag85 Here, we used rGST-Ag85A protein as an immune antigen and rHis-Ag85A protein as a detective antigen. A total of five mAbs were established, and named as 1C6, 2E6, 2F2, 3B8, and 3D9. All nine mAbs used in this study were determined to be of the IgG1 isotype. Analysis of the generated mAbs showed that both hybridoma supernatant and ascites had a high titer. In addition, we show through Western blot analysis that all of the mAbs generated in this study are able to react with recombinant Ag85A protein. All the mAbs did not react with selected mycobacteria protein, suggesting these mAbs are specific to Ag85A protein.
Mycobacterium tuberculosis Ag85A, Ag85B, and Ag85C are highly homologous on the DNA and amino acid level (6) . In order to evaluate the cross-reactivity of anti-Ag85A mAbs with the Ag85 complex, the HEK293T cells transfected with pcDNA3.1-fbpA-GFP, pcDNA3.1-fbpB-GFP, and pcDNA3.1-fbpC-GFP constructs were detected by indirect immunofluorescence, respectively. The mAbs 1C6 and 3B8 were specific only for Ag85A, the mAbs 2F2, 2E6, and 3D9 cross-react with Ag85B and/or Ag85C, respectively. The results suggested that a subset of the anti-Ag85A mAbs is able to cross-react with Ag85B and/ or Ag85C. It is likely that some mAbs could recognize the same epitopes of Ag85A, Ag85B, and Ag85C protein. It may be beneficial to the wide employment of anti-Ag85A mAbs.
In previous works, we developed many mAbs using recombinant protein expressed in E. coli. All of these mAbs may have good reactivity against recombinant proteins but may not be reactive against the natural proteins (30). As a result, we identified the reactivity of anti-Ag85A mAbs against BCG. The indirect ELISA and Western blot analysis showed that all of the generated mAbs are able to react with endogenous Ag85A protein in BCG and rBCG:Ag85A. Currently, several serological tests with promising accuracy have recently emerged, many ELISA technology has been intensively established for the detection of serum antibodies of bovine TB (31) (32) (33) (34) . In this research, a cELISA based on mAb 3B8 was developed, the analyses of clinic serum samples from cattles with bovine TB and healthy cattles demonstrated that the diagnostic specificity and sensitivity were 54.2% (26/48) and 83.5% (167/200), respectively, and the total coincidence of the cELISA method with skin test and IFN-γ assay was 74.5 and 71.8%, respectively. Although the poor sensitivity of antibodybased ELISA methods has prevented widespread use of these assays for early detection of bovine TB, such as the sensitivity of an iELISA established with rM70-83-E6 as the diagnostic antigen was 69.4% (59/85) and the specificity was 96.0% (96/100) (32) , an ELISA technology that detects antibody to M. bovis antigens MPB83 and MPB70 was established, and the sensitivity and specificity of the ELISA assay with naturally infected cattle were 63 and 98%, respectively (34) . However, antibody responses to M. bovis well correlate with M. bovis-elicited pathology and M. bovis antigen burden (35) , antibody response-based assays may be used in a wide range of applications and a supplemental test to cell-mediated response-based assays.
Overall, the mAbs generated against Ag85A will prove to be a valuable tool for the study of the subcellular localization and biological function of the Ag85 complex; in addition, these antibodies could act as important materials for the development of a diagnostic method for TB, as well as identification of novel drug candidates for the treatment of this infectious disease.
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